In this research the variation of mechanical and rheological properties of the composite as a function of different processing parameters and ethylene propylene diene monomer (EPDM) rubber content was studied. The optimum amount of dicumyl peroxide (DCP) to achieve the highest percentage of grafting of maleic anhydride to EPDM was obtained by Fourier transform infrared (FTIR) spectroscopy. In general, immiscibility between nylon 66 and EPDM, and their high interfacial tension makes their blending difficult. Maleic anhydride was grafted to EPDM to reduce interfacial tension between two phases. Also the blends were prepared at highest possible speed of mixing (screw speed in extrusion) and lowest temperature to reach a well mixed sample which can be seen in scanning electron microscopy (SEM) images and impact strength results. Dynamic mechanical thermal analysis (DMTA) tests were conducted to evaluate the miscibility of the components and to measure the glass transition temperature of the blends. Rheological measurement showed that the viscosities of the components of the blend getting closer to each other when EPDM content, time of mixing and shear rate increase.
Introduction
Nylon blends are basically the first plastics which have been used to produce different parts in automotive industry. Due to superior thermal and mechanical properties of nylons and their blends, they have been employed increasingly in automotive industry during last two decades. For example in BMW32Li about 25Kg of nylon blends are used. Accordingly, pioneer polymer producers and plastic manufacturing companies have conducted many researches to develop better quality raw materials and high performance parts. Recently, Dupont has introduced a family of rubber toughened nylon66 blends and composites reinforced by glass fibers. These series of products are commercially called Zytel. These perfect blends in properties such as hardness, strength, and creep resistance at high temperatures, are in fact the best choices for under bonnet conditions, for example in parts like air intake manifold, and so on. Despite all these advantages, nylon66 has a serious disadvantage, although it has a high resistance to crack initiation, its resistance to crack propagation is very low and when a crack exists, it may be broken easily at low stress [1] . Consequently, its toughening with suitable elastomers is necessary and very important.
In general, toughening efficiency of a rubber-toughened polymer is strongly influenced by the amount, the particle size, the properties of the elastomers, and also the interaction between the phases, which determine the final mechanical properties of the blend [2] . Due to the low interfacial tension between nylon and rubber, fine dispersion of rubber within the plastic matrix cannot be achieved easily. In such cases, increase in compatibility is required to reduce interfacial tension. This compatibility is usually achieved by using a rubber with functional groups that can react with the terminal amino groups of nylon during melt blending and they form a block copolymer at the interface. But unfavorable interaction between nylon and rubber that leads to large interfacial tension makes the finely dispersion of one component into the other difficult. This interfacial interaction also encourages subsequent coalescence of dispersed phase and results in poor interfacial adhesion in blend, leading to mechanical failure through interfacial defects [3] .
According to the literature malienated rubber has been repeatedly used to improve nylon properties [3, 4] . It is known that interfacial tension and rheology are primary factors in controlling the particle size of dispersed phase, the inter-particle distance (ligament) [5, 6, 7] and the toughness of the final blend. In a semi crystalline polymer such as nylon66 although the predominant mechanism for toughening is the shear banding, but cavitations in the rubber phase followed by shear yielding of the polymer phase is also reported as an important factor for toughening [1, 8, 9] . Incorporation of glass fibers into plastics increases tensile strength but decreases the brittle-ductile transition temperature. Generally, short glass fibers in comparison with long glass fibers are easy to process and less expensive. Therefore, large amount of short glass fibers are mainly used to reinforce polymeric blends. When the interfacial bonding between matrix and fibers is strong, the composite strength is also high. But in an opposite way this strong interfacial bonding reduces the toughness through increasing crack propagation across the fibers. On the other hand, if the interfacial bonding is poor, the crack propagates faster along the interface and fiber debonding occurs, and this phenomenon improves the fracture toughness but decreases the strength of the composite. Therefore, the optimum properties of the composite could be achieved by weak to moderate interfacial bonding [10, 11] .
Addition of glass fibers and rubber to thermoplastics is the best way to improve the properties of thermoplastics. Although toughening of nylon66 and glass reinforced nylon66 by rubber has been investigated before [6, 12, 13, 14] , in this paper we tried to investigate the effect of processing parameters on mechanical properties, rheological and dynamic mechanical behavior and also morphology of nylon66/glass fiber composite toughened by EPDM-g-MA comprehensively and in detail. Figure 1 shows the loss factor peak of nylon 66 and glass fiber reinforced nylon 66. Due to action of short glass fibers as filler, damping in short glass fiber reinforced nylon66 reduces. As it can be found out from loss factor curve of nylon 66, this polymer has a T gα at 77.46 ºC and a T gβ at -47.16 ºC. Upon addition of 30 % shortglass fiber, the glass-rubber transition temperature only slightly shifts. In glass filled samples, loss tangent curve in comparison with nylon 66 especially in peak points is displaced towards lower temperatures. It is observed that the loss tangent of pure nylon above its T g , is higher than that of glass fiber-filled composite. This indicates that glass-fibers decrease the loss factor, especially at T g of the polymer, (Figure 1 The glass transition temperature of the individual components appear in the loss factor curve of the blend of EPDM and nylon66 without considerable change in comparison with the T g s of pure plastic and rubber. In fact, despite existence of chemical bonds between two phases in the interface, Figure 5 reveals that there is not a significant miscibility between phases, which is also confirmed by Van Duin's [17] . In reactive blending with rubber it is seen in Figure 2 that peak of the T g slightly shifts towards lower temperatures. Possibly it is due to the inherent differences between blend components, which cause increment in thermal stress across rubbery zone and displace T g towards lower temperatures. In fact, due to higher thermal expansion of rubber compared to that of the glassy matrix, a three axial stress is developed. As a result, free volume of rubber is raised and its T g is displaced towards lower temperatures [19] . In blends including 10 and 15 % EPDM-g-MA, it is observed that with a partial rise in rubber content, the shift of rubber's T g towards lower temperatures decreases. As a matter of fact, it is known that by interfacial coupling, the interfacial thickness grows. This thickened interface contributes in damping of mechanical stresses; therefore rubber's T g increases. So this partial increment in amount of EPDM can develop links between two phases and as a result, the extent of the shift of rubber's T g to lower temperatures reduces.
Results and discussion

Dynamic mechanical thermal analysis
Similarly, comparing double extruded blends with the normal blends at low and high shear rates (for both blends containing 10% and 15% rubber), shows that the components' glass transition temperatures for double extruded samples are getting closer in the blend to each other (especially the dispersed phase moves more) which is possibly due to better miscibility, by increasing the grafting between them which stems from highly efficient mixing in high speed double extrude blending process [3] .
In primary blends it can be seen that partial increment in EPDM-g-MA content (from 10 to 15 %), increases the height of T g peak in EPDM, (which exhibits the effective rubber content in matrix bulk rises). Furthermore, the height of loss factor curve, at temperatures higher than T g of rubber (between T g s of two phases and also after the T g of nylon) grows. It shows that damping increases, by increment in rubber content, (Figure 3 ). Consequently, it is observed in Figure 4 that storage modulus decreases in this temperature range [19] .
Conversely, in the case of double extruded blends, height of rubber's T g peak decreases. The reason for reducing the height of loss factor's curve is crosslinking reaction in blend, (because of post curing process). It is clear that height of loss factor for dispersed phase indicates its volume fraction in the blend, but when the amount of rubber is kept constant, decline in the height of loss factor peak is probably a result of reduction in active rubber content. In other words, decreasing in the height of loss factor peak can be due to limitation in the motion of rubber chains, that will be observed in the perfectly grafted zone near the interface of two phases (in comparison with rubber bulk condition), which itself is a result of better dispersion of rubber in blend. (Figure 3 ) [20] . This case is confirmed by large increase in storage modulus of blends (10 and 15% EPDM-g-MA) especially at temperatures between T g of two phases and after T g of nylon in Figures 7. 
Capillary rheometery
The rheological behavior of polymer blend is generally a reflection of the extent of the entanglement of polymer chains and the interaction between the components [2] . The results obtained by capillary rheometer are presented in Figure 5 . The samples for capillary rheometer tests were prepared at 50 rpm. Highest apparent viscosity belongs to EPDM and lowest apparent viscosity belongs to nylon 66. The viscosity ratio of malienated EPDM and nylon 66 in Figures 5 and 6 shows a considerable difference between them, which in accordance with DMTA results, is one of the most important reasons why EPDM and Nylon66 are incompatible and immiscible materials.
It can be seen in Figure 5 that the apparent viscosities of blends containing 10 and 15% maleinated EPDM lay between the viscosities of the components. The apparent viscosities of blends rise with increasing EPDM. Considering the immiscibility between nylon66 and EPDM, the growth in the viscosity with increasing EPDM content, similar with growth in T g of rubber in DMTA test results, which were explained in the previous page, mainly depends on the crosslinking reaction between two phases which itself is a function of maleic anhydride concentration [18] . The results of capillary rheometer obtained for double extruded samples at 100 rpm are presented in Figure 7 . In double extruded samples, the viscosity is rising significantly as a result of increasing the effective volume of rubber in the blend [21] . This rise is even more significant than increase of viscosity due to growth in rubber content from 10 to 15%. In this case, small particles are produced, therefore the contact surface area increases and the behavior becomes very close to the malienated rubber. Also rise in curing percentage of rubber itself during blending process for double extruded samples could be another reason for growth in viscosity [20] . According to the literature, additional reason could be increasing the grafting efficiency or chemical reaction of maleic anhydride in the EPDM-g-MA with the amine group in the nylon matrix [5, 22, and 23] . Such predictions were previously brought out from DMTA results too.
In fact, rise in reaction between components may increase the molecular weight and the degree of branching, and both of them raised the viscosity of the blends, and it is the same as the mechanism that previously raised blends' viscosities by partial increase in rubber content.
It could be expected that the viscosity of blends increase significantly for the double extruded samples at high shear rates. But thermodynamically, immiscible nature of the components causes the molecular chains of various components getting easily disentangled in melts by high shear rates of the process. This fact results in small rise in the viscosity of the samples which are double extruded before capillary rheometer tests [2] .
The viscosity of EPDM-g-MA is significantly higher than the other samples, and the curve presenting the viscosity versus shear rate is linear on a logarithmic scale. Viscosity curve of nylon 66 in low shear rates has the lowest slope, which proves it is influenced by shear rate less than other samples or it has the least pseudo plastic behavior. At high shear rates not only the viscosities of all samples are decreasing but also they are getting closer to each other in capillary data. This behavior presents a non-Newtonian pseudo plastic fluid. It can be seen in Figure 5 that EPDM-g-MA curve obeys the power-law rheological model (n=0.2), and in blends, with increasing amount of grafted rubber, the slopes of viscosity curves are increased, indicating their pseudo plastic behavior, which is more apparent with increasing in rubber content. Also, nylon66 and its blends show increase in pseudo plasticity with increasing in shear rate.
From above discussion it can be concluded that the best processing condition to obtain a good dispersion of EPDM-g-MA in nylon66 can be achieved at high shear rates. But, it should be mentioned that there is limitation in order to reach high shear rates in the operation of some extruders during blending process.
Parallel plate rotational rheometery
Precise determination of viscosity of materials at low shear rates (0.1-2s -1 ) is impossible with capillary rheometer. Therefore, parallel plate rotational rheometer was used for the rheological characterization of the blends at low shear rates. Figures 5 and 7 show that, the curves obtained at high shear rates by capillary rheometer are the continuation of the curves obtained at low shear rates by parallel plate rotational rheometer. This presents the accuracy and precision of the rheological data that was measured by two different methods.
Although there are some differences between them that could be a result of existing rubber in the blend and its effect on blend rheological behavior. Because rubber can make defects in capillary results, (especially at low shear rates). But there is a qualitative agreement between both results. Figure 8a ,b for fracture surface of 10 and 15% EPDM-g-MA containing samples, which have been extruded at 50 rpm, show that glass fibers are usually placed in the direction of the extrusion flow [1] . Due to the high thickness of molten film, which surrounded the fibers; fiber orientation at other directions are also observed [24] . It is seen that the fibers are partially covered by nylon66 and EPDM which exhibits almost a good adhesion between matrix, fibers and rubber particles; this adhesion is better observable for samples with 15% EPDM-g-MA. This adhesion is very important in efficient transfer of applied stresses from matrix to fibers. It especially boosts tensile strength of the composite, but may decrease the toughness [10, 11] .
Scanning electron microscopy
SEM images in
In the surface of samples, there are more broken fibers than de-bonded ones. It is well known that fibers' ends are the sites with the highest stress concentration that lead to de-bonding or breaking , under applied stresses during blending [24, 25, 26] .
Considering the fact that surface treatment has not been performed on the glass fibers, good interfacial adhesion may be promoted by interfacial bonding between the surface hydroxyl groups of glass fibers and amino or carboxyl groups of nylon66. But it is known that strong hydrogen bonding exists between nylon66 macro-molecules, which limit the bonding development between fibers and matrix. All these phenomena favor the de-bonding of fibers. Therefore, existing thin polymeric film on unbroken fibers' surfaces and also high number of broken fibers in comparison with debonded fibers in the micrographs can be attributed somewhat to the reaction of surface hydroxyl groups of glass fibers with maleic anhydride groups of EPDM-g-MA copolymer [1] . It can be seen that the rubber particles (black particles in Figure 11 ) are smaller than typical non-reactive blends with such immiscible components, which is due to the reaction between functional components to make an in-situ grafted co-polymer at the interface [7] . This graft copolymer through reduction of interfacial tension and improvement of interfacial adhesion increases the compatibility of the components of the blend [27] .
Although there are particles with diameters less than microns in the samples, due to existing more particles with diameters up to 10 microns, the average particle size is larger than 1 micron. This average particle size is larger than critical particle size (~1 micron) that is needed for efficient toughening by the rubber [6] . Also in many cases, ligament thickness is more than its critical size [6, 12] (Figure 10 ).
After extruding the blends for the second time in 100 rpm, their fracture surface was scanned again using the electron microscope. Figure 8 displays that rubber particles dimensions are quite decreased. Most of rubber particles are in submicron dimensions and some of them are about micron. In addition, ligament thickness is often about its critical size (about 1 micron). Therefore, it seems that more intensive mixing in higher screw speed at extruder raises applied shear rate, and results in reducing the viscosities of both rubber and nylon phases. This reduction in viscosity is the main reason for decline in particles' dimensions. Although increasing mixing time has been another effective parameter in obtaining such result. They also make narrower poly-dispersity for rubber particles [28] . This decrement in the size of rubber particles makes a significant boost in the level of interfacial surface between two phases, which itself is an important factor in grow of interfacial grafting reaction between rubber particles and nylon matrix. So SEM results confirm increasing in interfacial grafting with twice extrusion at high shear rate, which was predicted previously from DMTA and rheological tests results.
However, growth in rubber content (from 10 to 15%) does not make a significant decrease in rubber particle size. Because rubber particle size in reactive blends depends mainly on rubber functionality (grafted MA) and not its concentration [1, 29] . Furthermore, increase in rubber increases the probability of particle coalescence and is a reason for increasing the size of rubber particles [28, 30, 31] . On the contrary, growth of rubber content increases its critical size needed for toughening marginally [6, 12, 32] . So they will be more effective in increasing the toughness of the blend. Also it can be seen that cohesiveness and homogeneity between both rubber and nylon phases in blend are increased. So both phenomena are the reasons for increasing impact resistance by increasing rubber content, which will be explained in next section. Figure 9 shows the results from impact strength tests conducted according to Charpy method. It is seen that the impact strength of neat nylon66 is 25 J/m. This indicates the relative toughness of nylon66 at room temperature. Upon incorporation of 30% glass fiber to nylon66 the impact strength rises to 52J/m. Although addition of small amount of glass fibers reduces the impact strength as compared with that of the neat polymer, but increasing more than 25% glass fiber can make a rise in impact strength [33] . In fact, bridging effect of short glass fibers is an important factor in such increment. In addition, significant increase in strength and modulus due to strong adhesion between matrix and fibers (as was described before in SEM results) is another reason for growth in impact strength [1] . The impact strengths of high shear double extruded blends (100 rpm) containing 10 and 15 % rubber are 84 and 96 J/m, respectively. These results show that, impact strength increases by growing in rubber content. Especially in 15% rubber containing blend, impact strength doubles as compared with that of the rubber free composite. Owing to existence of glass fibers, which causes a reduction in elongation at break, and also low level of grafting between two phase, this increase in toughness can be satisfactory, and there is no more possibility to make super tough blends [1, 28] . This boom in the impact resistance is primarily due to significant reduction in particle size and ligament distance of rubber particles during blending process, that makes it closer to critical particle size for toughening, (as were displayed by SEM micrographs) [6, 12] . Secondarily, it is due to increase in the grafting between rubber and nylon 66 matrix after being double extruded at high shear rate that makes good adhesion between them [3] , that transfers stress amongst phases and also reduces the ductile-brittle transition temperature of the blend [28, 30] . This has already been confirmed by all the previous experiments in this article.
Impact strength
It is thought that if there was a possibility of increasing shear rate during mixing process, the viscosity of the components gets closer to each other, so better dispersion occurs and as a result, rubber particles sizes reduce to submicron. It may also lead to higher impact strength for the blend. Another efficient method to improve impact strength is increasing the grafting reaction between the components that makes better stress transfer between two phases.
Conclusions
In order to increase toughness and strength of nylon66, it was blended with rubber and was reinforced with short glass fibers. Due to immiscibility of nylon66 and EPDM it was tried to increase the adhesion between two phases by grafting maleic anhydride on rubber and its consequent chemical reaction with nylon66. The optimum DCP concentration for grafting MA on EPDM has been found to be equal to 0.1wt%.
DMTA results demonstrated the T g s of nylon66 and EPDM in the blend appear at same temperature as pure EPDM and nylon66. Therefore, there is no significant miscibility between components. Although with increasing in rubber content and also twice extruding of blends at higher shear rates, links between two phases grow, which result in increasing T g of Rubber in the blend. The loss factor of the blends for double extruded samples is reducing due to better dispersion of rubber particles in the matrix phase, increasing links between two phases and decreasing active rubber content.
Rheological results exhibit a significant difference between viscosities of components, but the viscosities of the components are getting closer to each other at high shear rates, which is the best condition for efficient mixing of components. Also, double extruding of samples at high shear rates increases the viscosity of blends and makes them closer to EPDM. All samples showed non Newtonian pseudo plastic behavior, and this pseudo plasticity is increasing with increasing EPDM content. For single extruded samples SEM micrographs displayed existing adhesion between two phases. Also SEM images indicated that the average size of EPDM particles is less than 10 microns. After extruding the blends for the second time the SEM images showed a certain decrease in rubber particle size, which through increment in concerning interfacial surface area is effective in increasing the grafting between two phases. And this is another confirmation for DMTA and rheological experiments results for increase in grafting through twice extrusion at high shear rates.
Furthermore, impact strength measurement tests showed an acceptable improvement in impact strength with increasing EPDM content.
Experimental
Materials
Commercial nylon66 (DSM Akulon S223E) was used as the matrix of the blend; the rubber was EPDM (Bayer Polysar 345); short glass fiber with a length of 6 mm and a diameter of ~13 µm was used as a reinforcing agent (according to SEM measurements). Maleic anhydride (from Merck, Germany, M w =98 g/mol, melting point=51ºC); as grafting agent and dicumyl peroxide (DCP) as initiator from Aldrich (UK) were used.
Procedures
Due to immiscibility and incompatibility of nylon66 and EPDM in their non reactive blends, small enough rubber particles do not form and also the adhesion of the rubber particles to the matrix is weak which results in lower toughness in final blends. In order to overcome this drawback reactive blends were prepared by MA functionalized EPDM. In the next step MA react with nylon66 amine end groups to form block copolymer. This reaction reduces the interfacial tension between two phases and results in improvement of dispersion and distribution of rubber phase. This reaction also retards the particles coalescence.
For grafting reaction, Haake System 90™ batch mixer with banboury blades was used. 240 g batches including EPDM, MA and DCP were mixed and prepared. The temperature was set at 180 ºC, [7] amount of MA was kept constant at 2 wt% and DCP was varied from 0.05 to 0.3 wt% [7, 15] .
In the first step EPDM was cut by a scissors to small particles, and poured into Haake batch mixer. It is noticed that, there is a first peak at early time of mixing owing to material loading, which is called loading peak, after about 2:30 min MA was added to molten EPDM. Then DCP was added after 90 s, and finally after another 15 s the mixing was stopped (Figure 10 ). The resulting compound was cut and put in an oven to remove humidity. At the end, the grafted rubber was cut into very small pieces and put in an oven at 80 °C overnight to prevent moisture absorption. FTIR spectra was obtained using an Equinox 35 model (Bruker co. Germany). The films were prepared between two Teflon plates at 120 ˚C and under 20 MPa pressure using a laboratory hot-press (Toyoseiki model 2002). FTIR spectroscopy was employed to identify the chemical bonds between EPDM and maleic anhydride. Before conducting spectroscopic tests, the samples were put in a vacuum oven at 110 ˚C for 24 h to sublimate un-reacted maleic anhydride. Then the reacted portion (grafting efficiency) of maleic anhydride was determined [15, 16] . In the best situation (at 0.1% concentration of DCP) %0.31 of maleic anhydride forms chemical bonds with EPDM, (Figures 10 and 11) . 
Blending and sample preparation
The grafted EPDM was milled for about 10 minutes. Then grafted EPDM and nylon 66 were dried overnight under vacuum condition at 60 and 90 ºC, respectively. Nylon 66, EPDM-g-MA and glass fibers were blended in a Dr. Collin twin screw extruder (L/D=15). In order to increase the applied shear stress on materials and especially rubber particles a counter rotating twin screw extruder was used [7] . Materials were first mixed in a plastic bag and then fed into the extruder with variable maleinated rubber contents of 10 and 15% (w/w) and with a constant glass fiber content of 30% (w/w). It was concluded that with decreasing temperature and increasing shear rate of mixing process, relative viscosity of the blend components (
approaches unity and mixing is improved, [7] . In order to reach this conclusion, length to diameter ratio of the extruder must be larger than 30 (L/D>30) [17, 18] . Due to the short length of the extruder, at low temperatures and high shear rates, nylon will not have enough time to melt and mix completely with other components.
Temperatures of different zones of the extruder and die were set at 260, 240, 240, 260, 265, and 270 ºC, respectively. Revolution speed of the screw was set at 50 rpm. With adjusting the feed rate of the starting materials; a resident time of 3.5 min in the extruder was obtained.
In order to improve mixing, the components were remixed in the extruder with the same temperature profile (260, 240, 240, 260, 265 and 270 ºC) and at screw speed of 100 rpm (by increasing screw speed, the applied shear rate on the materials rises and viscosity ratio reduces). Using a laboratory press the final composites were molded at 280 ºC to form sheets and test samples.
Blend characterization
The dynamic mechanical thermal tests were carried out on a Polymer Laboratory™ DMTA equipment, using samples with 3 cm length x 1 cm width and 0.08 cm thick at 1Hz, 5ºC/min heating rate in -100 to 150 ºC range. Then storage modulus and loss factor for blends and starting materials were obtained. The capillary rheometer tests were performed on an Instron capillary rheometer (model 3211) with L / D = 33.6, (L=53.4mm and D=10.48mm) in 0.1-1000 s -1 shear rate range at 265 °C. The viscosity of the final blends and their components were also measured on a MCR-300 parallel-plate rotational rheometer at 265 °C, using disks of 2 cm (diameter) and 1.5 mm (thickness). In order to analyze the morphology of the blends and distribution of rubber particles in nylon matrix, a Cambridge™ model S360 scanning electron microscope (20kV) was used. SEM samples were dried for 24 hours in a vacuum oven, broken in liquid-nitrogen and coated with gold prior to scanning. Charpy impact tests were carried out on notched bars using a Santam (Tehran, Iran) testing machine and according to ASTM-D256.
